Перша міжнародна науково-практична конференція «Комп'ютерне моделювання в хімії та технологіях» by Pohorecki, R. A. et al.
Комп’ютерне моделювання хіміко-технологічних та біохімічних процесів і систем 
 98
поступает в разгрузочный бункер для охлаждения. Охлаждение осуществляется 
атмосферным воздухом от воздуходувки до температуры 40 - 60°С. Межтрубное 
пространство разгрузочного бункера продувают азотом под давлением 0,03 мПа для 
создания инертной атмосферы, а в трубы подают атмосферный воздух давлением 0,3 мПа. 
Охлажденный активный уголь подается в приемочный бункер магнитного сепаратора для 
удаления ферромагнитных примесей (включений), а затем поступает в грохот с набором сит 
для фракционирования. 
Фракции от 0,5 мм до 2,0 мм (КАУ-1, -2; САУ-1, -2, тип А); от 0,2 мм до 0,63 мм 
(КАУ-1, -2; САУ-1, -2, тип Б); собирают и передают на склад готовой продукции. Фракции 
от 0,2 мм и ниже идут в отходы. Твердые отходы (зола и пылевидный уголь) собираются в 
циклоне и утилизируются как удобрение. 
Проведенные расчеты показали, что из 80 кг угля - сырца можно получить около 32 кг 
готового товарного продукта- активных углей КАУ-1 и КАУ-2, САУ-1 и САУ-2. Выход 
продукта составляет в среднем 40%. 
Поиск оптимальных условий использования тепла, получаемого при сжигании 
продуктов активации, выполняется для конкретного предприятия отдельно, в зависимости от 
установленного оборудования. Таким образом, применение программ-симуляторов 
позволяет снизить стоимость полученного угля-сырца за счет перераспределения потоков 
тепла, получаемого при сжигании продуктов активации. 
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The process of cyclohexane oxidation is widespread in chemical industries all over the 
world, mostly to get cyclohexanone and cyclohexanol, being in turn processed into caprolactam, 
adipic acid, and – subsequently – polyamide fibers and plastics (as nylon 6, nylon 66). Practically 
all of the adipic acid and about 63% of the caprolactam produced in the world in 1990 used 
cyclohexane oxidation as the first step. The amount of cyclohexane oxidized this way exceeds 4 
million t/year. The process is a relatively difficult one, since the desired products (i.e., 
cyclohexanone and cyclohexanol) are intermediates in a sequence of reactions, and the 
overoxidation results easily in a number of useless (or hardly recuperable) by-products. 
Cyclohexane oxidation is a two – phase process, carried out in a gas – liquid system. The 
course of the process may be affected both by chemical kinetics and by hydrodynamic factors. One 
of the processes commercially employed to oxidize cyclohexane is the Polish CYCLOPOL process.  
In this process, cyclohexane is oxidized by air or mixture O2/air in a horizontal flow reactor.  The 
reactor is divided into 4 – 6 chambers, to which air is introduced through spargers. In order to keep 
pace with other leading companies, the owners of the CYCLOPOL process continue to carry on 
research and development work, aimed at increasing productivity and selectivity of the process. 
The mechanism of cyclohexane oxidation is a complicated, multistage, free-radical chain 
reaction with degenerated chain, comprising different chain inhibition, chain propagation and chain 
termination steps. A reaction scheme comprising up to 154 reactions has been developed by 
Tolman, but was never published (at least not in the open literature). A number of simplified kinetic 
models for both catalytic and noncatalytic oxidation have been described in our earlier paper [1]. 
An early model of noncatalytic cyclohexane oxidation was presented by Kharkova et al. [2]. 
The model was based both on the literature data and the author’s own experiments. The model 
comprises 19 reactions, but for some of them only the ranges of values of the reactions rate 
constants were given, which renders it useless for detailed design purposes. 
On the basis of that model and our own experimental data we formulated a new, modified 
kinetic model shown in Table 1. 
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Table 1 - Kinetic model of the uncatalyzed oxidation of cyclohexane 
1 *2
*
2 HORORH +→+  12 *2* RODRORO 2 +→+  
2 *22
* ROOR →+  13 ** ROROHRROOH +→+  
3 **2 RROOHRORH +→+  14 RHRORROOH *2* +→+  
4 ** RROHRORH +→+  15 2*2 OROHRORO2 ++→  
5 ** OHROROOH +→  16 DOHRODROOH 2 ++→+
6 OHRO2ROHROOH 2
* +→+  17 D2ROHD →+  
7 ** OHROD3,0RO7,0ROROOH +++→+ 18 2**2 ORO2RO2 +→  
8 OHRRORHROOH 2
** ++→+  19 OHROHRH 2** +→+  
9 *2
* ROROHROROOH +→+  20 DRRHRO ** +→+  




++→+  22 DD ′→  
D – by-products in the liquid phase; D’ – by-products in the gas phase. 


























Fig. 1. Dependence of the ROOH concentration on time 
 
In order to determine the reaction (1 – 22; Table 1) rate constants, measurements of the 
kinetics of the cyclohexane oxidation were performed. Experiments were carried out in a stainless 
steel PARR reactor with capacity 1·10-3m3, with carefully passivated inner surface. 
Solving differential equations of the individual reactions (1 – 22) and making use of the 
experimental data (products concentrations), the reaction rate constants were determined. 
A comparison of the results calculated using the kinetic model (Table 1) with the 
experimental data is shown in Figs. 1 – 4. The concentrations of by-products D and D’ are defined 
as kmol C6/m3, i.e.: number of the molecule moles containing six atoms of carbon per unit solution 
volume. As it is seen, good agreement between experimental and calculation data has been 
obtained. Obviously, the comparison shown in Figs. 1 – 4 only illustrates the correctness of the 
constants fitting. In order to get a comparison of the model results with an independent set of data, a 
model of an industrial reactor has been used. 
















































































Fig. 4. Dependence of the D and D’ concentrations on time 
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The model of kinetics of the reaction described above , together with a suitable description 
of hydrodynamics (bubble diameter, gas holdup, interfacial area, liquid mixing), has been used to 
develop a mathematical model of the industrial reactor in the CYCLOPOL process. 
For the bubble diameter calculation the population balance equation was used. For the gas 
holdup calculations the ASMM model (algebraic slip mixture model) was used. The details of the 
models used to calculate bubble diameters (population balance) and gas holdup (ASMM model) and 
the results obtained using these models, have been described in our earlier paper [3]. 
The mixing of liquid in the reactor was investigated by three methods: 
- classical stimulus-response technique using radioactive tracer with Br-82 isotope to measure 
the residence time distribution curve; 
- a specially devised technique, consisting in the employment of a wooden sphere of density 
identical to that of the reaction mixture, and containing a radioactive isotope La-140. The 
trajectories of this sphere in the reactor were observed; 
- a computational fluid dynamics (CFD) method, used to establish the velocity patterns inside the 
reactor. 
All the three methods gave a good picture of the flow pattern in the reactor.  
The mathematical model of the industrial reactor enabled the calculation of the following 
parameters: 
- degree of conversion, 
- selectivity towards cyclohexanol, 
- selectivity towards cyclohexanone, 
- selectivity towards cyclohexyl hydroperoxide, 
- amount of the byproducts (reactive and nonreactive), 
- concentration profile of all the above species, 
- concentration profile of dissolved oxygen, 
- concentration of oxygen in the outlet gases. 
The process (CYCLOPOL-bis), employing the uncatalyzed oxidation step, has been 
successfully implemented on industrial scale in the Nitrogen Works Tarnów – Mościce S.A. 
(Poland) in 2004 [4]. 
The first step of the process, comprising the uncatalyzed cyclohexane oxidation mainly to 
the cyclohexyl hydroperoxide is carried out in a multisectional horizontal flow reactor. The second 
step of the process, comprising the selective catalytic decomposition of the cyclohexyl 
hydroperoxide is carried out in a reactor of similar shape. 
The results of simulations of the uncatalyzed cyclohexane oxidation (first step) were 
compared with the industrial reactor data (reactor volume = 102 m3). The results of comparison are 
shown in Table 1. 
The data from two independent runs were used. By a run one week work under steady 
conditions is meant. As it is seen, good agreement between industrial reactor data and results of 
simulations has been obtained. 
 
Table 1 – Results of calculations and experiments. 
 RUN I RUN II 
calc. 3,90 3,97 Degree of conversion (%) 
exp. 3,82 3,95 
calc. 1,47 1,47 Hydroperoxide (%) exp. 1,35 1,42 
calc. 1,90 1,92 Cyclohexanol (%) exp. 1,88 1,98 
calc. 0,94 0,97 Cyclohexanone (%) exp. 0,91 0,97 
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A new, comprehensive model of the noncatalytic cyclohexane oxidation in the liquid phase, 
including reaction and mass transfer kinetics, has been developed. This model, together with a 
suitable description of hydrodynamics (bubble diameter, gas holdup, interfacial area, liquid mixing) 
has been used to develop a mathematical model of an industrial reactor in the CYCLOPOL-bis 
process. Numerical simulations of the industrial reactor, performed using this model, gave good 
agreement with the operating data. 
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